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Objective: We hypothesized that prominent pulvinar hypointensity in brain MRI represents the disease process due to iron 
accumulation in Alzheimer disease (AD). We aimed to determine whether or not the pulvinar signal intensity (SI) on the 
fluid-attenuated inversion recovery (FLAIR) sequences at 3.0T MRI differs between AD patients and normal subjects, and 
also whether the pulvinar SI is correlated with the T2* map, an imaging marker for tissue iron, and a cognitive scale. 
Materials and Methods: Twenty one consecutive patients with AD and 21 age-matched control subjects were prospectively 
included in this study. The pulvinar SI was assessed on the FLAIR image. We measured the relative SI ratio of the pulvinar to 
the corpus callosum. The T2* values were calculated from the T2* relaxometry map. The differences between the two groups 
were analyzed, by using a Student t test. The correlation between the measurements was assessed by the Pearson's correlation 
test. 

Results: As compared to the normal white matter, the FLAIR signal intensity of the pulvinar nucleus was significantly more 
hypointense in the AD patients than in the control subjects (p < 0.01). The pulvinar T2* was shorter in the AD patients than 
in the control subjects (51.5 + 4.95 ms vs. 56.5 ± 5.49 ms, respectively, p = 0.003). The pulvinar SI ratio was strongly 
correlated with the pulvinar T2* (r = 0.745, p < 0.001). When controlling for age, only the pulvinar-to-CC SI ratio was 
positively correlated with that of the Mini-Mental State Examination (MMSE) score (r = 0.303, p < 0.050). Conversely, the 
pulvinar T2* was not correlated with the MMSE score (r = 0.277, p = 0.080). 

Conclusion: The FLAIR hypointensity of the pulvinar nucleus represents an abnormal iron accumulation in AD and may be 
used as an adjunctive finding for evaluating AD. 
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INTRODUCTION 

Alzheimer disease (AD) is an age-related progressive 
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degenerative disease of the brain, and it is clinically 
characterized by an early dysfunction of memory and 
cognition. The neuropathological hallmarks of AD are senile 
plaques and neurofibrillary tangles that are formed by an 
accumulation of abnormal extracellular B-amyloid protein 
(AG) and intracellular hyperphosphorylated tau-protein, 
respectively. AG is especially thought to have a pivotal 
role in the development of AD (1). Recent studies have 
suggested that AB precipitation and its toxicity are related 
with an abnormal amount of iron content (2). Accumulation 
of iron in the AD brain occurs in proximity to the neuritic 
plaques (2). A recent animal study first demonstrated 
the iron accumulation within the amyloid plaque in the 
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thalamus by using a magnetic resonance imaging (MRI) (3). 

Although the primary sites of AD pathology are 
the cerebral cortices, including the hippocampi and 
parahippocampal gyri, AD pathology also involves the 
subcortical deep nuclei (4-6). Among the subcortical deep 
nuclei, the pulvinar nucleus has not been a subject of 
dementia research until recently, yet it has been suggested 
to have a major role in various cognitive functions, such as 
attention and visual processing, as well as memory (7-10). 

The application of high-field (3T) MRI in routine clinical 
practice has enabled a detection of subtle abnormality, 
which could not be seen with 1.5T, and 3T MRI provides 
a higher signal-to-noise ratio (SNR) and contrast-to-noise 
ratio (CNR), in addition to better spatial resolution (11). 
Even the routine fluid-attenuated inversion recovery (FLAIR) 
sequence can offer a different perspective concerning a 
patient's disease by providing better image quality at 3T 
MRI than at 1.5T MRI. 

Before undertaking this prospective study, we incidentally 
observed that a substantial portion of AD patients showed 
FLAIR hypointensity in the thalamus, and this FLAIR 
hypointensity was localized at the pulvinar nucleus. Until 
recently, there have been almost no reports on FLAIR signal 
alteration of the pulvinar nucleus of the thalamus in either 
pathologic or normal conditions. Only one recent study has 
reported on the FLAIR hypointensity of the pulvinar nucleus 
in 11 healthy individuals at 3T, as compared to that at 1.5T, 
and the number of cases in that study was rather small to 
generalize the results (12). 

We hypothesized that pulvinar hypointensity would 
be more common in AD patients as compared to that in 
healthy individuals, and pulvinar hypointensity represents 
iron accumulation due to a neurodegenerative process, 
associated with primary AD pathology. We made the 
assumption that the long TR and long TE of FLAIR, as 
well as the high field strength at 3T, as compared with 
1.5T, might cause a more prominent T2* effect on FLAIR, 
and therefore, FLAIR signal intensity will be positively 
correlated with the T2* relaxation time (T2*) (13, 14). 
Considering this, T2* measurement would be crucial to test 
our hypothesis since the measurement of T2* has been 
used for in vivo quantitative analysis of the iron content of 
different tissues (15, 16). 

Hence, we conducted this prospective study to investigate 
if the pulvinar signal intensity on FLAIR, as evaluated by 
using 3T magnetic resonance (MR) imaging with including 
the T2* map, differs between AD patients and normal 



subjects in terms of the hypointensity, and if the pulvinar 
signal intensity is correlated with the T2* relaxometry map 
as a tissue iron marker and with the Mini-Mental State 
Examination (MMSE) score as a marker of disease severity. 

MATERIALS AND METHODS 

Study Population 

This study was approved by the institutional review board 
at our institution. All the participants or their guardians 
provided written informed consent for participation in this 
study. 

From December 2006 to November 2007, 21 consecutive 
patients with AD and 21 age-matched healthy control 
subjects were enrolled in this prospective study (Table 1). 
The patients with AD were recruited from the Dementia- 
Memory Disorder Clinic of our hospital. The patients with 
AD were diagnosed according to the criteria of the National 
Institute of Neurological and Communicative Disorders and 
Stroke and the Alzheimer's Disease and Related Disorders 
Association (NINCDS/ADRDA) (17). 

Twenty one age-matched control subjects were selected 
from a consecutive series of patients, who were referred 
for the same MR imaging protocol as the patients with AD, 
as part of a routine medical checkup between December 
2006 and December 2007. The following criteria were 
used for inclusion in the study: no clinical evidence of 
neuropsychiatric disorders and no apparent abnormal 
finding on the MR study. A neuroradiologist reviewed all 
the MR images. We excluded those patients with a history 
of neurological disease, malignancy, stroke or brain surgery. 
Any subjects who showed focal neurologic deficits on a 
detailed neurological examination were also excluded. The 
indications for MRI included headache (n = 8), dizziness or 
vertigo (n = 13). 

All the eligible subjects undertook a standard battery 
of neuropsychological tests, including assessment of the 

Table 1. Demographic Data of Alzheimer Disease Group and 
Control Group* 





AD (n 


= 21) 


Control (n = 21) 


P 


Men : Women 


6 : 


15 


4 : 17 


0.72 


Age 


72.1 ± 


6.5 


68.9 ± 5.3 


0.09 


MMSE 


21.2 ± 


3.8 


28.0 ± 1.2 


< 0.001 


CDR score 


0.53 ± 


0.23 


0.00 ± 0.00 


< 0.001 



Note. — *Values are means ± standard deviations. AD = Alzheimer 
disease, MMSE = Mini-Mental State Examination, CDR = Clinical 
Dementia Rating 
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global cognitive impairment using the Mini-Mental State 
Examination (MMSE) (18) score and the global functional 
impairment using the Clinical Dementia Rating (CDR) scale 
(19). The MR imaging data of the patients were visually 
inspected by a neuroradiologist to rule out any major 
neuropathology, other than neurodegeneration, such as a 
tumor, stroke and severe white matter disease. 

MR Imaging Protocol 

A 3T unit (Signa HDx; GE Medical Systems, Milwaukee, WI, 
USA) with an 8 channel head coil was used for MR imaging. 
The routine MR imaging protocol included the following 
sequences: 1) the axial and sagittal Tl-weighted inversion 
recovery sequences (repetition time [TR]/echo time [TE]/ 
inversion time [TI]: 2468/12/920 msec, section thickness: 
5 mm, matrix: 512 x 224), 2) the axial T2-weighted fast 
spin-echo sequence (TR/effective TE: 4000/106 msec, 
section thickness: 5 mm, matrix: 384 x 384), 3) the axial 
fluid-attenuated inversion recovery sequence (FLAIR, TR/ 
TE/TI: 11000/105/2600 msec, section thickness: 5 mm, 
matrix: 384 x 224), 4) the axial T2*-weighted gradient-echo 
sequence (TR/TE: 550/17 msec, section thickness: 5 mm, 
matrix: 384 x 224, flip angle: 15°) and 5) the Tl-weighted 
volumetric spoiled gradient-echo sequence (SPGR) (TR/ 
TE: 7.3/2.7 msec, section thickness: 1.5 mm, matrix: 256 x 
256, flip angle: 13°). The field of view of all the sequences 
was 230 x 230 mm. 

The T2* weighted images for the quantitative T2* map 
were obtained with a single-shot echo-planar imaging 
sequence at a TE of 20, 40, 60, 80, 100, 120, 140, 160 and 
180 msec and a TR of 10000 msec within a total acquisition 
time of 4.5 minutes (section thickness: 3.5 mm, matrix: 
128 x 128, field of view: 240 x 240 mm, flip angle: 90° 
and a NEX of 3). The T2* maps were obtained using the 
manufacturer's software (Functool, GE, Milwaukee, WI, USA). 
The T2* values were calculated for each voxel by voxel-by- 
voxel fitting of the data acquired at the nine TEs to obtain 
a monoexponential signal intensity decay curve, which is 
given by SI (t) = SI 0 e- t/T2 * (t = echo time, SI = measured 
signal, SI 0 = constant, T2* = effective transverse relaxation 
time) (20). All the axial images of all the sequences 
were obtained parallel to the anterior commissure to the 
posterior commissure (AC-PC) line. 

Image Analysis 

Two expert neuroradiologists, with more than 10 years 
of experience each in neuroimaging, reviewed all the 
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images; any disagreements were resolved by a consensus. 
The reviewers were 'blinded' to the clinical diagnosis. 
On the FLAIR images, the SI of the pulvinar nucleus was 
graded with a four-point scoring system, according to the 
signal intensity relative to the adjacent structures: the SI 
of the pulvinar nucleus was graded as isointense (grade 
0), compared with the SI of the remaining thalamus, as 
mildly hypointense (grade 1) when it was hypointense 
relative to the SI of the remaining thalamus, as moderately 
hypointense (grade 2) when it has hypointense relative 
to the SI of the adjacent temporal white matter, and as 
markedly hypointense (grade 3) when it was hypointense 
relative to the SI of the globus pallidus. 

In addition, the presence of Tl hyperintensity of the 
pulvinar nucleus was evaluated on the Tl-weighted images. 

Quantitative imaging analysis was performed by 
one neuroradiologist and using a free software, called 
Medical Image Processing Analysis, and Visualization 
(MIPAV) software (Center for Information Technology, 
National Institutes of Health, Bethesda, MD, USA) on a 
PC workstation. Both the FLAIR and T2* map images were 
automatically realigned with each other in the MIPAV 
software program. The FLAIR signal intensities for each 
hemisphere were measured in 4 distinct regions of interest 
(ROIs): the pulvinar (PUL), the putamen (PUT), the globus 
pallidus (GP) and the splenium of the corpus callosum (CC) 
(Fig. 1). The CC was chosen as a reference to calculate the 
relative SI ratio. The PUT and GP were chosen to validate 
the above qualitative analysis since the PUT and GP were 
used as internal references for qualitative evaluation. For 
the definition of the first three ROIs, the axial section 
at the level of the anterior commissure was used. The 
ROIs of the CC were located at the central portion of the 
splenium of the CC in the axial slice that showed the largest 
extension of the corpus callosum. The ROIs were oval- 
shaped, with an area of 24 + 2 mm 2 for the PUL and CC. 
Concerning the PUT and GP, the ROIs were polygonal in 
shape, as to conform to the shape of the structures. The 
ROIs were carefully chosen to minimize the partial volume 
effects and to avoid possible artifacts. For the ROIs on the 
FLAIR images, the relative signal intensity ratio of the PUL, 
PUT and GP was calculated, using the CC as a reference as 
follows: A/CC ratio = SI of the A/SI of the CC, where A is 
the SI of the PUL, PUT orGP. 

The predefined ROIs of the PUL, PUT or GP on the FLAIR 
images were transferred to the corresponding T2* images, 
which were realigned to the same axial location as those of 
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Fig. 1. Four different Regions of Interest (ROIs) on fluid attenuated inversion recovery (FLAIR) images. 

A. Axial FLAIR image at Level of AC-PC Line. White arrow indicates pulvinar nucleus (PUL). PolygonaL ROIs are pLaced around putamen (PUT) and 
globus pallidus (GP). B. Axial FLAIR image at level of corpus callosum. ROI for corpus caLLosum (CC) is pLaced at central part of corpus callosal 
splenium. 



the FLAIR images in the MIPAV software program. 

All the measurements on the FLAIR and T2* images were 
performed twice at an interval of at least 2 weeks between 
the sessions by the same neuroradiologist. The mean of 
the four measurements (two sessions of two measurements 
determined from each hemisphere) was used as the final 
measured value for each case. 

Statistical Analysis 

Statistical analysis was performed using the statistical 
software package SPSS (version 12.0 for Windows; SSPS, 
Chicago, IL, USA). The level of significance was set at 
p < 0.05. All the continuous variables were tested for 
normalization. 

The difference in gender distribution between the AD and 
control subjects was evaluated with a Fisher's exact test, 
while the age and clinical features (MMSE) were evaluated 
with a two-tailed Student's t test. 

A Mann-Whitney test was used to compare the grading of 
the PUL hypointensity between the AD and control subjects. 
Analysis of variance (ANOVA) with Bonferroni's post hoc 
comparison was used to compare the FLAIR SI ratios among 
the PUL, PUT and GP in each group. A two-tailed Student t 
test was used for continuous variables to compare the MR 



measurements between the two groups. 

The correlation between the specific region SI ratio and 
the corresponding T2* was calculated by using a Pearson's 
correlation coefficient. The correlations between the clinical 
scores (MMSE) and the MR measurements were assessed 
with Pearson's correlation coefficient, and the partial 
correlation test with controlling for age. 

The differences between the right and left signal 
intensities, in all the regions, were also assessed with a 
paired t tests and Pearson's correlation coefficient. The 
intra-rater reliability between the two measurement sessions 
was assessed with the intra-class coefficient (ICC). 

RESULTS 

The demographic data is shown in Table 1. There was no 
significant difference of the age and gender distribution 
between the AD and control subjects. 

As compared to the normal white matter, the FLAIR 
signal intensity of puLvinar nucleus was significantly more 
hypointense in the AD patients than that in the control 
subjects (p = 0.005, Mann-Whitney test). The FLAIR signal 
intensity of the AD patients was Grade 0 in 2 cases (9.5%), 
Grade 1 in 6 cases (28.6%) and Grade 2 in 13 cases (61.9%), 
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while that of the control subjects was Grade 0 in 9 cases 
(42.9%), Grade 1 in 7 cases (33.3%) and Grade 2 in 5 cases 
(23.8%) (Fig. 2). 

There was no evidence of Tl hyperintensity in either the 
AD or the control subjects. 
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The PUL/CC, PUT/CC and GP/CC ratios were significantly 
different from each other in either the AD or the control 
groups (p < 0.002 for PUL/CC vs. PUT/CC in the AD groups, 
otherwise p < 0.001) (Table 2). 

The PUL/CC ratio was significantly lower in the AD 




Fig. 2. Difference of fluid-attenuated inversion recovery signal intensity and T2* values of thalamic pulvinar nuclei in Alzheimer 
disease subject and control subject. 

There is no discernable hypointensity (A) and T2* shortening (B) of pulvinar nuclei in age-matched control subject. In contrast, white arrows 
indicate bilateral hypointense pulvinar nuclei relative to remaining thalami in patient with Alzheimer disease (C). Prominent T2* shortening is 
noted in this patient (arrows) (D). 
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subjects than in the control subjects (p < 0.01). While the 
PUT/CC ratio was significantly decreased in the AD patients, 
as compared to that of the control subjects (p < 0.01), the 
6P/CC ratio showed no significant difference between the 
two groups (p = 0.09). 

The PUL T2* was 51.52 ± 4.95 ms in the AD patients 
versus 56.55 + 5.49 in the control subjects (p = 0.003). The 
PUL/CC ratio and the PUL T2* showed a strong correlation 
with each other (r = 0.745, p < 0.001). The PUT T2* and 
the PUT/CC ratio were also significantly lower in the AD 
patients than in the control subjects (p = 0.015). 

When the control subject group and AD group were 
combined, the PUL/CC ratio and PUT/CC ratio showed a 
positive correlation with the MMSE score (r= 0.319, p = 
0.020 and r= 0.317, p = 0.021, respectively). Yet when 
controlling for age, only the PUL/CC ratio was positively 
correlated with the MMSE score (r = 0.303, p < 0.05), 
suggesting a disease effect. On the other hand, the PUL T2* 
tended to decrease as the MMSE score decreased, but there 
was no statistical significance (r= 0.277, p = 0.080). In the 
AD group alone, the PUL/CC ratio, the PUT/CC ratio, the GP/ 
CC ratio and the corresponding T2* values did not correlate 
with the MMSE score (r = -0.005, p = 0.983; r = 0.035, p = 
0.884; r = -0.139, p = 0.559; r = -0.149, p = 0.530; r = 0.108, 
p = 0.649; r = 0.203, p = 0.406, respectively). 

The right and left signal intensities of all the ROIs showed 
no significant difference in both groups (p > 0.05). The 
correlation coefficients for the right and left FLAIR signal 
intensities were 0.912 for the PUL, 0.872 for the PUT and 
0.962 for the GP; the correlation coefficient for the right 
and left T2* was 0.908 for the PUL T2*. The ICC for the 
intrarater reliability was 0.944 and 0.927 for the right and 
left PUL T2*, respectively, 0.920 and 0.917 for the right 
and left PUT T2*, 0.894 and 0.903 for the right and left 
GP T2*, 0.994 and 0.997 for the right and left PUL FLAIR 
signal intensities, 0.995 for the CC FLAIR signal intensity, 
0.996 and 0.997 for the right and left PUT FLAIR signal 



intensities, and 0.995 and 0.975 for the right and left GP 
FLAIR signal intensities, respectively. 

DISCUSSION 

In this study, we report on the results of the FLAIR 
hypointensity and T2* measurement of the pulvinar nucleus, 
which may represent an iron accumulation in AD patients. 
We found that the FLAIR hypointensity was more prominent 
in the AD subjects than that in the age-matched control 
subjects, and the FLAIR hypointensity was correlated with 
T2* shortening. 

The presence of FLAIR hypointensity or T2 hypointensity 
can be found in various conditions, in addition to 
hemorrhage (21). There have been reports on T2/FLAIR 
hypointensity of the pre- and postcentral cortex in the 
normal brain, and in the brain with amyotrophic lateral 
sclerosis (22), in the basal ganglia and thalami in the brain 
with multiple sclerosis (23), in the basal ganglia, subtantia 
nigra and dentate nucleus in the brain with normal aging 
(24) and in the brain with Parkinson syndrome (25). 
Although several factors, such as iron accumulation (22, 
24), oxygen free radicals (26) and increased lipofuscin 
granules within the neurons (27), have all been suggested 
as the causes of hypointensity, several recent studies have 
highlighted iron accumulation as having a major role in T2/ 
FLAIR hypointensity (24, 28). Yet, regarding the pulvinar 
nucleus, only one recent study has observed the FLAIR 
hypointensity in healthy individuals by using 3T MR imaging 
(12). Hence, to the best of our knowledge, our study is the 
first report that has demonstrated more prominent FLAIR 
hypointensity of the pulvinar nucleus in AD patients than in 
healthy controls. 

The pulvinar is the largest nucleus of the thalamus, and 
it is well developed in human and primates (29). It is made 
up of three main parts: the medial, inferior and lateral 
pulvinar (30). According to the previous nonhuman primate 



Table 2. Magnetic Resonance Measurement of Signal Intensity on FLAIR and T2* of Deep Gray Structures 





AD (n = 21) 


Control (n = 21) 


P 


Pulvinar T2* (msec) 


51.52 ± 4.95 


56.55 ± 5.49 


0.003 


Pulvinar-to-CC signal intensity ratio 


0.92 + 0.00 


1.02 ± 0.10 


0.003 


Putamen T2* (msec) 


43.46 + 14.46 


53.57 ± 11.47 


0.015 


Putamen-to-CC signal intensity ratio 


0.82 + 0.09 


0.90 ± 0.09 


0.009 


Globus pallidus T2* (msec) 


36.04 + 16.34 


28.43 ± 15.96 


0.140 


Globus palLidus-to-CC signaL intensity ratio 


0.67 ± 0.10 


0.72 ± 0.07 


0.09 



Note. — Pulvinar versus PUT in AD p = 0.002, others in AD and control p < 0.001. FLAIR = fluid-attenuated inversion recovery, AD ■ 
Alzheimar disease, PUT = putamen, CC = corpus callosum 
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studies, the medial pulvinar interconnects with the parieto- 
occipital cortex (31), prefrontal cortex, posterior cingulum, 
retrosplenial and posterior parahippocampal cortex (29), 
while the inferior and lateral parts of the pulvinar nucleus 
have connections with the occipital, parietal and temporal 
lobes (32). A recent human study that employed a diffusion 
tensor imaging has reproduced the extensive cortico- 
pulvinar connections, as were reported in the previous 
nonhuman studies (33). The major function of the pulvinar 
nucleus is suggested to be visuospatial attention (9, 34, 
35) and higher-order visual processing (8, 36). A study on 
the brain stimulation in humans has even suggested a role 
of the pulvinar nucleus in verbal and nonverbal memory (37). 

Although AD has a predilection for the cerebral cortex, 
previous pathologic studies have reported that the thalamic 
nuclei are involved in the later stages of AD (4, 5, 38). 
Pulvinar involvement has been reported in all the patients 
with AD by previous neuropathologic studies (5, 7, 39-41). 
Postmortem studies have shown the presence of amyloid 
plaques, and neuronal loss in the pulvinar nucleus in AD 
brains (5, 6). The pulvinar hypointensity of the AD patients, 
in our study, may also represent a certain pathology 
associated with AD. 

Pathologic studies have revealed that iron accumulation 
in the brain increases with age, and this also contributes 
to the neurodegenerative diseases, including AD, Parkinson 
disease and dementia with Lewy bodies (2, 42). Hallgren 
and Sourander (43) demonstrated the presence of 
physiologic iron accumulation in the brain in the following 
sites (in descending order): globus pallidus, red nucleus, 
substantia nigra, putamen, dentate nucleus and caudate 
nucleus. Our result for PUT T2* supports these previous 
pathologic studies. A lesser amount of nonheme iron was 
found in the thalamus (43). Brain iron, other than that 
found in hemoglobin, is mostly protein bound, and the 
different forms of nonheme iron include ferritin (most 
common), transferrin, lactoferrin, hemosiderin, ionic iron 
and biogenic magnetite (28, 44, 45). The recent MR studies 
are in agreement with the histologic findings of the iron 
accumulation in the normal aging brain, as well as in 
various neurodegenerative conditions of the brain (16, 20, 
24, 28, 42, 46-48). However, the thalamus does not show 
an age-related iron deposition when studied by using a 
T2* relaxometry (20). Conversely, iron deposition, seen as 
T2* hypointensity or T2* shortening, has been reported 
in the thalamus in some pathologic conditions, such as 
multiple sclerosis (49), children's infarction (50) and 
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aceruloplasminemia (51). 

Two recent human MR studies have demonstrated an 
abnormal iron accumulation in the brains of AD patients (48, 
52). Brar et a I. (52) reported a prominent iron accumulation 
in the substantia nigra of AD patients, who developed 
parkinsonism during the disease course. Zhu et al. (48) 
have shown, by using a phase-corrected MR imaging, 
that the bilateral hippocampi, parietal cortex, putamen, 
caudate nucleus and dentate nucleus showed significantly 
higher iron content in AD patients, as compared to that of 
healthy controls. But in the same study, the thalamus, as 
a whole, did not show an increased concentration of iron. 
There has been no previous report on visualizing the iron 
accumulation of the pulvinar nucleus in AD patients by 
performing MR imaging. 

On the other hand, several animal studies that were done 
at high magnetic fields have revealed that amyloid plaques 
can be detected as hypointense structures by MR imaging 
(3, 53-57). A recent APP/PS1 murine study reported T2* 
hypointensity in the ventral posteromedial and posterior 
thalamic nuclei as an evidence of iron accumulation in 
the thalamus (3). That study demonstrated that T2* 
hypointensity coincides with a high iron and calcium 
content within the amyloid plaque (3). Furthermore, the 
thalamic amyloid plaque was reported to have more dense 
iron aggregates, as compared with the amyloid plaque in the 
other brain regions (3, 54, 56). In contrast, Meadowcroft 
et al. (57) suggested that different amyloid plaque 
morphologies also play a role in the T2* hypointensity of 
amyloid plaques in APP/PS1 mouse tissues. Given these 
reports, we suggest that the pulvinar hypointensity in AD 
patients and that are observed on FLAIR might be used as 
an MR imaging marker for the thalamic amyloid plaques 
or at least as an MR imaging marker for thalamic iron 
accumulation. 

Considering the lack of reports on pulvinar hypointensity 
in AD patients since the advent of MR imaging, visualization 
of FLAIR hypointensity of the pulvinar in our study may 
be partly due to the fact that the previous studies did not 
separately analyze the subregions of the thalami, unlike 
our study, and partly due to the higher strength scanner 
we used. With higher field MR imaging, the magnetic 
susceptibility effect of a paramagnetic substance, such as 
tissue iron, is increased. Furthermore, the longer TR and 
TE might have enhanced the T2* shortening effect (13). 
Therefore, T2* shortening, which is normally not prominent 
on FLAIR, may be enhanced enough to visualize the 
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increased brain iron content on FLAIR imaging, at higher 
field MR. 

In our study, the FLAIR hypointensity was well correlated 
with the T2* value, measured from the T2* map, which 
supports our hypothesis that FLAIR hypointensity is caused 
by the abnormally increased iron content of the pulvinar 
nucleus. T2* relaxometry has been previously used for the 
quantifying tissue iron in various organs (15, 16, 20). There 
are other techniques that have enabled in vivo quantitative 
measurement of tissue iron, such as phase-corrected 
imaging (48), susceptibility weighted imaging (28) and 
the field dependent relaxation rate increase imaging (42). 
Among those techniques, T2* relaxometry is a relatively 
simple and well established technique with a shorter 
acquisition time (13). 

We made the assumption that FLAIR hypointensity and/or 
the T2* value of the pulvinar nucleus would be correlated 
with the clinical scale (MMSE). This assumption was 
based on the fact that the pulvinar nucleus has extensive 
connections with the cerebral cortices, and the cerebral 
cortices are primarily involved in AD. While the correlation 
between the FLAIR hypointensity of the pulvinar nucleus 
and the MMSE was weak in the combined AD and control 
group, the T2* was not correlated with the MMSE. The AD 
group alone did not show any correlation between the 
MR measurements and the MMSE. This lack of correlation 
between the T2* (or pulvinar hypointensity) and the 
MMSE may be partly due to the fact that the MMSE does 
not represent the linear function of cognitive decline. 
In addition, MMSE does not measure specific cognitive 
function, but rather, it assesses the general cognitive 
decline. The MMSE does not linearly represent general 
cognitive decline as well. The function of the pulvinar 
is known to be attention, i.e., visual and/or auditory 
attention and attention processing (33-36). Therefore, the 
correlation of the pulvinar hypointensity with more specific 
clinical tools for measuring the attention deficit may be 
necessary in a future study. The other reason for the lack 
of correlation might be a methological issue, associated 
with the calculation of the T2*. We did not perform any 
postprocessing correction for BO in homogeneity for better 
T2* calculation because we assumed that the macroscopic 
field distortion would be minimal in the center of the 
T2* images, which is where the ROIs were chosen for this 
study. Perhaps additional postprocessing correction for BO 
inhomogeneity might have improved the T2* calculation, 
and this might improve the correlation between the T2* 



values and the clinical scales (58). Finally, the lack of a 
link between the MR measurements and the MMSE might 
be attributed to a possible inclusion of the future AD- 
converters in the control subjects. 

There are some limitations to address in this study. 
First, the study included only clinically defined AD. Thus, 
this study requires further testing by comparing with the 
results from the pathology and amyloid imaging. Second, 
we performed ROI-based analysis by a single rater, rather 
than a computer-based analysis, such as a voxel-based 
analysis. Finally, there is still a possibility that several 
other metals in a diseased brain, such as copper and zinc, 
might have affected the MR signal due to their magnetic 
susceptibility (59). Although the T2* map is regarded as a 
good tool for measuring tissue iron (15), BO inhomogeneity 
due to macroscopic field distortion may hamper the precise 
quantification of different types of tissue iron. Therefore, 
further optimization of the T2* map with postprocessing 
is required for future study. Other new techniques, such as 
SWI phase imaging might be an alternative for measuring 
the brain iron (28). We did not analyze T2* values for other 
structures, such as hippocampi and cerebral cortex because 
the research focus of this study was pulvinar nucleus. 
Further study using T2* map for the entire brain in patients 
with AD would be necessary to better understand the 
iron-related neurodegeneration in AD. Our results should 
be confirmed in a larger scale investigation, yet our new 
finding could be used as a surrogate marker for the presence 
of AD changes in the thalamus. 

In conclusion, FLAIR hypointensity of the pulvinar nucleus 
and T2* shortening are more prominent in AD patients 
than in healthy individuals. While the FLAIR hypointensity 
was correlated with the MMSE score, the T2* did not show 
a significant correlation with the MMSE. We suggest that 
pulvinar hypointensity may be used as an adjunctive finding 
in the evaluation of AD. 
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